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Abstract
SuperB is a super-ﬂavor factory that will be built in Tor Vergata (Italy). The project, recently approved by the Italian
Government, and classiﬁed as the ﬂagship project of the Italian INFN, foresees the construction of a high intensity
asymmetric electron-positron collider and of the related detector. The expected luminosity of 2x1036cm−2s−1, a factor
100 higher than the last generation of B-factories, will allow the high statistic study of rare decays and, possibly, will
allow a deeper insight in the ﬁeld of new physics.
Part of the SuperB apparatus is the Instrumented Flux Return (IFR). This detector exploits the ﬂux return iron structure
of the superconducting solenoid as absorber for the identiﬁcation of muons and neutral hadrons. In more details, It
consists of  92 cm of iron interleaved by 9 layers of highly segmented scintillators. The detection technique is based
on relatively inexpensive extruded plastic scintillator bars produced at the FNAL-NICADD facility. The scintillation
light is collected through Wave Length Shifting ﬁbers and guided to recently developed devices called Silicon Photon
Multipliers used as photodetectors. The use of plastic scintillator as active material ensures reliability, robustness and
long term stability while the high granularity and the fast response guarantee a good space-time resolution, extremely
important to cope with the expected high particles ﬂux.
The readout scheme under evaluation is this manuscript is the double coordinate readout (”BIRO readout”) where two
layers of orthogonal scintillator bars provide both, the polar and azimuthal coordinate. In order to deeply understand
the performances and possible drawbacks of the above technique, a full depth prototype has been designed and built in
Ferrara and Padova, and tested at the Fermilab Test Beam Facility (FBTF) in December 2010.
In this paper a comprehensive description of the IFR related R&D studies will be presented. In particular, we will focus
on the results of the Fermilab beam test, issues and future activities will also be outlined.
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1. The Instrumented Flux Return
The SuperB detector [1] is a magnetic spectrometer designed to detect the products of asymmetric
collisions between a 4.2 GeV and a 6.7 GeV electron-positron beam. It reuse, where possible, part of
the BaBar detector, with the required modiﬁcations to cope with a foreseen luminosity of L  1036cm−2s−1.
The detector consists of a tracking system, based mainly on the silicon vertex tracker (SVT) and on a drift
chamber (DCH), a Cherenkov detector (DIRC) based on fused silica radiator, a CsI crystals electromagnetic
Calorimeter (EMC) and of the instrumented ﬂux return detector (IFR) which is the main subject of this
paper and will be described in more details.
The main purpose of the IFR detector is the identiﬁcation of muons and, toghether with the EMC, neutral
hadrons (like K0L). It exploits the iron yoke for the ﬂux return of the superconducting magnet as absorber to
distinguish between muons and other particles (mainly pions). The detector consists of a central part, the
”barrel” and two ”endcaps” to cover the forward and backward regions. The detector structure is the same
for both, the barrel and the endcaps:  92cm of iron interleaved by 9 active layers of extruded scintillator
bars, with a total thickness of 2cm, housed in gaps 2.5 cm wide. A schematic view of the IFR detector and
a cross section, which shows the iron-scintillator segmentation, are reported in ﬁg. 1.
Fig. 1. Schematic view of the IFR detector and a cross section showing the iron-scintillator segmentation.
2. The Detection Technique
Each active layer is made of two planes of orthogonal scintillator bars, which provide the two coordi-
nates of the track. The light signal produced in the scintillator is collected by three Wave Length Shifting
ﬁbers (type Kuraray Y11(300), φ = 1.2mm) housed in three separate grooves machined on the scintillator
surface, and guided to Silicon Photo Multipliers (SiPMs) with an active surface of 1.4x3.8mm2, custom
made at the FBK (Fondazione Bruno Kessler, Trento Italy), with pixels size 70μ.
The present baseline geometry foresees for the barrel 5 x 1 x 200cm3 scintillator bars along the beam direc-
tion and 10 x 1 x 100cm3 bars for the orthogonal plane. The total length of the barrel is 4m, in order to
simplify the mechanics of the detector, we plan to put two 2m long modules instead of a single 4m module.
For the encaps both planes have 5cm wide scintillator bars with a length of about 2.5m. The maximum
ﬁber/scintilllator bars length that we have in the detector is about 3m.
The above dimensions, especially the width of the bars are the trade oﬀ between good particle identiﬁcation
/ track reconstruction and costs.
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3. R&D Studies
The above baseline layout for the IFR detector is the results of a ”preliminary” R&D study in which we
considered also the possibility to measure the Z coordinate (along the beam direction) from the arrival time
of the light signal. To this aim, we studied also the time response of the scintillator-ﬁbers-photodetector
system. Thanks to the experience gained at the test beam, given the complexity of the needed FE electronics
and due to several other drawbacks of this technique, this option has eventually been discarded.
3.1. Fibers
Given the rather short attenuation length of the scintillator, the light produced by the particle interaction
has to be collected using WLS ﬁbers, which will bring it more eﬃciently to the photodetectors. For our
application the ﬁbers should have a good light yield to ensure a high detection eﬃciency for ﬁber lengths
from 1 to about 3m. The timing response was studied as well, in the preliminary studies but then we decide
to give priority to the binary readout and so to optimize the light yield.
We tested WLS ﬁbers from Saint-Gobain (BCF92) [2] and from Kuraray (Y11-300) [3]. Both companies
produce multiclad ﬁbers with a good attenuation length (λ  3.5m) and trapping eﬃciency (ε  5%) but
Kuraray have a higher light yield (see ﬁg. 2), while Saint-Gobain ﬁbers have a faster response. Since
Fig. 2. Left: light Yield for Kuraray Y11(top plot) and Saint-Gobain BCF92 (bottom plot) ﬁbers. On the right: comparison of the light
yield of 1,2,3 ﬁbers. All the above plots refers to data collected with cosmic rays.
The most cost eﬀective number of ﬁbers was studied by measuring the light collected with cosmics through
1,2,3 ﬁbers placed on a scintillator bar . As It can be seen on the right plot of ﬁg. 2, going from 1 to 2 ﬁbers
the gain in light yield is  46%; going from 2 to 3 ﬁbers the light yield increases by  13% with a total gain
of  65% w.r.t. 1 ﬁber. So it’s not worth to put more that 3 ﬁbers in the scintillator bars. The study is still in
progress, to better understand the above behaviour.
Also the possibility to use clear ﬁbers to bring the light signal out of the detector has been studied. As
results, we have seen that 10m of clear ﬁber (Kuraray type clear-ps, φ = 1.5mm ) reduces, as expected from
an attenuation length of  10m, the amount of light by a factor 3 (ﬁg. 3). For our application we cannot
aﬀord such a big loss, so we will have to put the photodetectors inside the detector volume.
3.2. Photodetectors
Recently developed devices, called Geiger Mode APDs, suit rather well our needs to convert the light
signal from WLS ﬁbers in tight space and high magnetic ﬁeld environment. These devices have high gain
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Fig. 3. Left plot: comparison of the collected charge with cosmics from a MPPC (top) and a SiPM(bottom) in the same conditions.
Right: charge collected before and after 10m of a φ = 1.5mm clear ﬁber.
( 105), low bias voltage (< 100V), good Detection Eﬃciency ( 30%), fast response (risetime< 1 ns), and,
as said above, are very small (few mm) and insensitive to magnetic ﬁeld. They also have a few drawbacks
though, like the rather high dark count rate (≈ 1 MHz/mm2 at 1.5 p.e. ) and the sensitivity to radiation.
At present, several companies produce GMAPDs. Given the limited time We concentrated our eﬀorts on the
devices produced by by IRST-FBK [4], called SiPM (Silicon Photo Multipliers) and MPPCs (Multi Pixel
Photon Counters) from Hamamatsu [5].
We started with 1 ×1mm2 SiPM / MPPCs, but we soon realized that we would have needed 2 × 2mm2
devices, to couple them with 1 to 4 φ = 1.0mm ﬁbers while keeping the active surface (and so the noise) as
low as possible. Most of our studies were performed with FBK devices since only 1× 1mm2 and 3× 3mm2
MPPCs (too noisy) were available at that time. The comparison between SiPMs and MPPCs showed a lower
detection eﬃciency of the former (see ﬁg. 3) but also a less critical dependence, from temperature and bias
voltage ﬂuctuations, of the main parameters like gain and dark count rate. In the above studies we read
out the ﬁber on one end only while the other end was polished and left free. Some studies have also been
performed to cover the free end of the ﬁber with aluminum (through a sputtering process) in order to reﬂect
back the light otherwise lost. Preliminary results show that the reﬂection coeﬃcient is of the order of 50%.
More studies are presently under way and a decision has not been taken yet.
3.3. Scintillators
On the scintillator side we have studied various options on the positioning of the ﬁbers. In particular we
have considered the two options: ﬁbers placed in an embedded hole or in surface grooves. The diﬀerence in
light yield has been measured to be around  10% higher for the embedded hole option. Since for long bars
is very diﬃcult to ﬁll them with the optical glue and given the small diﬀerence in light collection, we have
chosen the surface grooves as baseline option. In all the above studies we placed the ﬁbers in scintillator
bars with multiple surface grooves, ﬁlled with optical gel (silicon paste).
3.4. Other related studies
A couple of other studies were performed in addition to the ones listed above. In particular, the ﬁber
surface polishing method was investigated, to understand which type and material of the blade was the best to
obtain the best quality of the surface and so the optimal light transmission. We compared the ﬁber polishing
quality for natural and synthetic diamond blades, the tests showed a 10% higher light transmission for the
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natural diamond option.
Given the well known sensitivity of the SiPM and MPPC devices to neutrons, an irradiation test was done at
the Frascati Neutron Generator facility (at the ENEA laboratories, Frascati-Italy) with neutrons of 2.5 MeV.
As results, we observed a rapid increase of the drawn current of about a factor 30, of the dark count rate of
about a factor 10 and a reduction of the average output signal (charge) of approximately a factor 2 . While
the increase in current is not a big issue by itself, the increase in dark count and the reduction of the output
signal is a problem since they cause a signiﬁcant reduction of the detection eﬃciency. This reduction in
detection eﬃciency was studied by comparing the SiPM signal before and after the irradiation. A reduction
of about 15% eﬃciency has been observed after an irradiation dose of 7.3 x 1010 neutrons/cm2 equivalent at
1MeV.
Studies on this issue are still under way, more details can be found in [6].
4. Design and construction of the IFR prototype
Once a ﬁrst baseline was established a full depth prototype has been built to measure on beam the
performances and to investigate the construction strategy and possible assembling issues. Fig. 4 shows a
schematic view and a picture of the prototype. It represent a section of 60x60cm2 of the IFR detector, with
the full depth (92cm), 9 active layers and the possibility to move the above active layers in diﬀerent positions
in order to determine the best segmentation for particle identiﬁcation.
Fig. 4. The IFR prototype.
Fig. 5 shows the internal structure of an active module of the prototype. The structure is rather simple:
two layers of orthogonal 5cm wide scintillating bars,  50cm long with 3 ﬁbers housed in surface grooves
for each bars. The ﬁbers are collected on cylindrical supports and then coupled to the SiPM thanks to custom
made plexiglas couplers. The length of the ﬁbers is diﬀerent on each module to study the detection eﬃciency
and time resolution in diﬀerent positions of the IFR detector. Their length span from 45 to 3.70 cm.
The front end electronic that provide the bias to the SiPMs, ampliﬁes and discriminates the signals, has been
custom designed and is based on commercial ampliﬁers (MMIC BGA2748 , BGA 2716). Also the data
acquisition and online detector control systems have been custom designed speciﬁcally for this setup.
5. The beam test at Fermilab
The prototype has been tested on beam in Dec. 2010 at the Fermilab Test Beam Facility (FTBF), in the
meson area. The beam, extracted from the Main Injector, contains electrons, pions and muons and has a
composition that depends on the momentum. The facility provides a threshold Cherenkov counter and Time
Of Flight detectors that allow to tag, in principle, each detected particle. Fig.6 shows the beam test setup.
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Fig. 5. Left: scheme of an active module of the prototype. Right: a picture of the two layers of scintillators during the assembling fase.
The 18cm of iron, upstream of our prototype were placed to partly stop electrons and to simulate the SuperB
innermost detectors. Data were taken with diﬀerent triggers, essentially based on the coincidence of S 1 x S 2
scintillators and on the Cherenkov signals. The diﬀerential Cherenkov provides two signals: C1 that allow
us to tag electrons (used as a veto in our case) and C2 for other particles such as protons, pions, muons. For
our test we used mainly N2 as ﬁlling gas at various pressures for diﬀerent momenta. Data were taken mainly
at 8, 6, 5, 4GeV/c.
Fig. 6. The Fermilab testbeam setup .
6. First results of the beam test
The main goal of the test on beam was to measure the detector performances (detection eﬃciency and
possibly time resolution) and It’s particle identiﬁcation capability. Diﬀerent active modules have diﬀerent
ﬁber length, to simulate diﬀerent positions in the detector. In this way we can understand the behavior of
the whole detector at once.
6.1. Detection Eﬃciency
Fig.7 shows the ﬁrst results on detection eﬃciency for the 9 layers ad for increasing thresholds on
discriminators. Looking at Fig.7 we can see that the overall detection eﬃciency is better that 90% and that
it decrease rather rapidly with the threshold on discriminators. Clearly the longer is the ﬁber the steeper is
the decreasing. In the IFR detector the maximum ﬁber length is about 2m which correspond to the red line.
 M. Andreotti et al. /  Physics Procedia  37 ( 2012 )  659 – 666 665
As it can be seen in Fig. 7, layer 0 and 7 show a lower eﬃciency. This is due to a scintillator bar, out of 14
in a layer, which does not give any signal, due to a broken SiPM.
Fig. 7. Left: detection eﬃciency for each of the 9 layers. Right: detection eﬀﬁciency for diﬀerent thresholds
6.2. Particle Identiﬁcation
The ﬁnal goal of the test is to fully understand the particle identiﬁcation capability of the detector. To
this aim a deep understanding of the system and of all the processes that may happen is needed. At present,
we have some preliminary results on the behavior of the prototype with diﬀerent particles, mainly muons
and pions. Fig.8 shows the distribution of the number of hit on each layer (left plots) and for each event
(right plots) for muons and pions at diﬀerent momenta. It can be seen that there is a clear diﬀerence between
muons and pions, especially at higher momenta. At lower momenta (i.e. 4 GeV/c) the tagging power of
the Cherenkov is rather low, so it’s not possible to select a clean sample of muons or pions. Another cause
of samples contamination is the decay in ﬂight of pions after the Cherenkov. This eﬀect can be understood
using the Montecarlo simulation of the setup (see next paragraph). The above variables, together with
other parameters, like the depth of the tracks, longitudinal and transversal dimension of the clusters will be
eventually combined together to provide the particle identiﬁcation probability.
Fig. 8. Left: range of muons and pions as reconstructed on the prototype for diﬀerent energies of the beam. Right: comparison between
beamtest data and four diﬀerent MC hadronic shower models. The y axis shows the fraction of particles tagged as muons that reach
the last layer of the detector.
6.3. The simulation of the setup
In order to fully understand the data of the testbeam a full GEANT4 simulation has been developed to
simulate the experimental setup. The idea is to calibrate the simulation with data and afterward extrapolate
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results, for example, at lower momenta, where the ”tagging power” of the Cherenkov detector is limited.
On the right plot of Fig. 8 is represented the comparison between the beam test data collected at 8,6,5 GeV
and the MC simulation for four diﬀerent hadronic shower models. The compared variable is the fraction of
impinging particles that hit the last layer of the detector.
7. Conclusions
A prototype for the SuperB Instrumented Flux Return detector has been built and tested at the Fermilab
Test Beam Facility in Dec. 2010. It has shown a detection eﬃciency higher that 90% for all the interesting
cases and the ﬁrst results on particle identiﬁcation are promising (analysis in progress). More tests are
forseen in the next months to study and better understand the performances at lower momenta (< 5GeV/c).
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